Purpose of the Study: Older adults' self-care often depends on understanding and utilizing health information. Inadequate health literacy among older adults poses a barrier to self-care because it hampers comprehension of this information, particularly when the information is not well-designed. Our goal was to improve comprehension of online health information among older adults with hypertension who varied in health literacy abilities. Design and Methods: We identified passages about hypertension self-care from credible websites (typical passages). We used a multi-faceted approach to redesign these passages, revising their content, language, organization and format (revised passages). Older participants read both versions of the passages at their own pace. After each passage, they summarized the passage and then answered questions about the passage. Results: Participants better remembered the revised than the typical passages, summarizing the passages more accurately and uptaking information more efficiently (less reading time needed per unit of information remembered). The benefits for reading efficiency were greater for older adults with more health knowledge, suggesting knowledge facilitated comprehension of information in the revised passages. Implications: A systematic, multi-faceted approach to designing health documents can promote online learning among older adults with diverse health literacy abilities.
Self-care challenges related to older adults' understanding of self-care information may be exacerbated by evolving ecologies of literacy. The information needed for self-care is increasingly (only) available on the web, requiring older adults to access the web to find, understand, and act on the information they need to manage their health (Sharit, Hernández, Czaja, & Pirolli, 2008) . Research in this area has focused on age-related differences in access to the web and other digital resources (Zickuhr & Madden, 2012) as well as on age differences in the ability to search the web for health information . There is also some evidence that older adults are less able than younger adults to understand and evaluate web-based information (Chin & Fu, 2010; Sharit et al., 2008; Taha, Czaja, Sharit, & Morrow, 2013) .
The goal of our study was to develop a systematic approach to improve web-based health information so that it is better understood and used by older adults with varying health literacy abilities. This goal requires a theoretical framework that identifies how health literacy related abilities influence comprehension. Although conceptualized from a variety of theoretical frameworks (Berkman, Davis, & McCormack, 2010) , health literacy is often viewed functionally as patients' resources (sensory and cognitive abilities) needed to manage their health demands (NielsenBohlman et al., 2004) . Process-based models of health literacy focus on how these patient resources influence the ability to understand and make decisions about the information needed to perform self-care and other health care tasks (Baker, 2006) . The Process-Knowledge model identifies broad cognitive resources related to health literacy, including processing capacity (PC; i.e., fluid mental ability such as psychomotor speed, processing speed and working memory capacity), general knowledge (GK; i.e., verbal ability), and health knowledge (HK; Chin et al., 2011) . These components have different trajectories across the lifespan: PC tends to decline whereas general and HK often sustains or increases with age (Baltes, 1997; Beier & Ackerman, 2005) .
These age-related changes in abilities influence comprehension of self-care information. According to theories of comprehension (Kintsch, 1998) , there are three levels of text representation: surface (recognizing words), textbase (semantic integration, binding concepts into propositions) and situation model (a mental model of the situation described by the text). Declines in PC may impair surface-and textbase-level processing by reducing the ability to integrate concepts (Stine-Morrow, Miller, Gagne, & Hertzog, 2008) . Knowledge, on the other hand, may make some processes more efficient and promote conceptual integration and use of the situation model (Chin, Payne, et al., 2015; Stine-Morrow & Miller, 2009) . Therefore, knowledge may compensate for PC limits on comprehension of health information (Chin, Madison, et al., 2015; Chin, Payne, et al., 2015) . According to this view of health literacy, comprehension of health information may be improved by designing texts to reduce the demands of comprehension on limited PC and to build on patients' general and HK relevant to comprehension.
Health literacy interventions related to redesigning health documents often focus on improving the readability of text, operationalized as lower grade-level scores that reflect use of simpler language (shorter words and sentences, more common words; Nielsen-Bohlman et al., 2004) . These studies have produced mixed results, with some studies showing no benefits for lower literacy adults . This may reflect a focus on shallow linguistic features of the text, even though comprehension is influenced by a range of text/document, as well as reader characteristics (Kintsch, 1998; Meyer, 2003; Wright, 1999) .
We used a multi-faceted approach to analyze and revise passages about hypertension self-care in order to improve older adults' comprehension of information commonly found on the web. In general, discourse can be analyzed at the level of content (the information conveyed by the passage), organization (effective arrangement of the content), language (vocabulary and grammar) used to convey the content, and presentation medium/format (visual text, graphics, or speech; Brewer & Lichtenstein, 1981) . Based on this general approach, the content, organization, language and medium of each passage was revised, following guidelines from the literature on patient education (Doak, Doak, & Root, 1995) , theories of discourse comprehension (Hill-Briggs, Schumann, & Dike, 2012; Lorch, Lemarié, & Grant, 2011) , as well as the Process-Knowledge model of health literacy Chin, Madison, et al., 2015) . Similar multi-level approaches have been used to revise medication instructions commonly used in pharmacies, which improve comprehension of and memory for medication information (Boudewyns et al., 2015; Morrow et al., 2005; Pander Maat & Lentz, 2010) .
We focused on hypertension because it is a common chronic illness among older adults (Go et al., 2013) and requires a range of self-care activities such as taking medication and measuring blood pressure. We addressed two research questions. First, do older adults better remember self-care information after reading the redesigned rather than typical passages? Second, do some older adults especially benefit from the redesigned passages? This is suggested by the finding that older adults with lower health literacy are less likely to understand typical self-care information . Guided by the ProcessKnowledge framework, we examined whether PC and knowledge moderated the effect of passage redesign on memory for self-care information.
Methods

Participants
One hundred and twenty eight older adults (mean age = 70.8 years, SD = 7.7) were recruited for the study through advertisements posted in public libraries, health and recreation centers, senior centers, and hospitals in Peoria and Champaign, IL, United States. All participants provided informed consent and were compensated for their participation. Seventy-nine were women (61.7%), and 95 were diagnosed with hypertension (74.2%). Participants with hypertension were identified by self-reported physician diagnosis and use of medications prescribed for high blood pressure. For patients with hypertension, the average duration of illness was 16 years (SD = 13.4 years). Most had completed high school (85.2%); the rest had completed some high school (8.6%) or did not enter high school (6.3%). And about one third of participants reported often or sometimes reading online health information (34.4%).
Measures
Health literacy was measured by a commonly used standardized test, STOFHLA (Short Test of Functional Health Literacy in Adults; Baker, Williams, Parker, Gazmararian, & Nurss, 1999) . Although most participants had adequate health literacy, 12% had marginal health literacy (N = 12), and 5.5% had inadequate health literacy (N = 7).
A PC composite measure was constructed by averaging the standardized scores of the processing speed and working memory measures. Processing speed was measured by the Letter and Pattern Comparison (Salthouse, 1991) , and working memory by the Reading Span (Stine & Hindman, 1994) . GK was measured by the Advanced Vocabulary Task (Ekstrom, French, Harman, & Dermen, 1976) . HK was measured by a test of hypertension knowledge that was adapted from Gazmararian, et al. 2003 . It consisted of 33 true/false and four multiple-choice questions (Cronbach α = .90; Chin, Fu, & Kannampallil, 2009 ).
Passages
Selecting the Typical Passages
Nine passages (667-1,176 words) were used in the study. These passages were selected from credible websites often used by patients, chosen based on website reputability (government and Health On the Net-certified sites) and Google page rank. The sites included National Institute on Aging, American Heart Association, the Mayo Clinic, American Family Physician, University of Maryland Medical Center, WebMD and New York Times. Thus, the passages were "typical" in the sense that they were representative of information about hypertension found on the web. From each website, 4-5 source passages were identified for each of five topics: introduction to hypertension, causes and risk factors, its complications, lifestyle changes to improve blood pressure, and the pharmaceutical treatment. For each topic, one prototype "typical" passage was created to be representative of the set of source passages. The typical passages did not differ from their source passages in terms of length (number of words, sentences, and paragraphs), text format (i.e., font size and style), presence of graphics, and readability score (Flesch-Kincaid readability grade level and reading ease). Typical and source passages were also comparable in terms of rated difficulty (ratings from 10 older adults with hypertension).
Revising Typical Passages
We analyzed and revised content, organization, language and medium of typical passages. Content revision was guided by recommendations from three medical experts (two physician and one pharmacy research-practitioners). The medical experts were experienced practicing clinicians who were also health literacy researchers. Therefore, they had in-depth knowledge of hypertension and extensive experience communicating with older patients The medical experts sometimes recommended eliminating extraneous information or elaborating some points in the revised passages with the key concepts and major contents similar across two passage types. Organization revision was to present the information in a more appropriate order (guided by experts' decisions) and create text structures, such as the placement of paragraph breaks, titles and headers, and bullet lists, for signaling the information. Language revision was based on consensus (trained students and medical experts) about easy to understand word choice and sentence structure.
For passage medium, a concept outline was added in order to signal the most important concepts in the passage and the relations among these concepts. Such "advanced organizers" have been found to improve students' memory when placed before the passage (Nesbit & Adesope, 2006 ). An earlier study also found that concept outlines improved memory for hypertension self-care passages for older adults who had more HK (Gao et al., 2011) .
Two types of the passages did not differ in any text characteristics except that the revised passages were longer than the typical ones in terms of the number of words (Table 1) . In a pilot study, 10 older adults gave feedback on the typical and revised versions of the passages (not labeled as such), and also indicated which they preferred. Participants indicated that they would prefer to receive self-care information in the revised format. 
Passage Memory Measures
Question Accuracy
After reading each passage, participants answered 13 multiple-choice questions. For example, "ACE inhibitors and ARBs both block hormones that (a) widen your blood vessels, (b) constrict your blood vessels, (c) decrease the amount of fluid in your blood, (d) allow calcium to enter the cells of your arteries," where (b) was the correct answer. Only information that was in both versions of each passage was tested.
Passage Summary
Summary protocols were transcribed verbatim and then segmented into syntactically complete units that conveyed an idea (Johnson, 1970) . Each segment was coded using an established scheme (Adams, Labouvie-Vief, Hobart, & Dorosz, 1990) regarding the relatedness and accuracy of the passage information. A segment would first be categorized as a related or unrelated segment depending on whether the idea conveyed was related to the passage. For a related segment, it would be further categorized as a correct or incorrect segment depending on whether the related idea mentioned was correct or incorrect. Correct ideas included both the information directly from the passages and inferences from the information conveyed by the passages. Unrelated segments included information from other passages, participants' personal stories, or their comments about the passages or the study (Percentage agreement among three raters: 91.8%).
Reading Efficiency
Reading efficiency, or the reading time per unit of remembered information, was also analyzed because it reflects participants' efficiency of reading strategies (information gained for the amount of effort devoted to comprehension). Following the model of Self-Regulated Language Processing (Stine-Morrow et al., 2008) , this reading efficiency measure was used to analyze the efficiency of resource allocation policies to the text as a whole (Miller, 2009) . More efficient readers should be able to strategically allocate their effort to the passage to optimize their comprehension performance. Reading time was measured for each passage (with six missing observations due to technical problems). To control for differences in passage length, we used reading time per word to create the reading efficiency measure. For passage summary, reading efficiency was operationalized as the reading time per word divided by the number of correct segments recalled for each passage; for question accuracy, reading efficiency was operationalized as the reading time per word divided by the accuracy score for each passage (Miller, 2009) . In other words, reading efficiency represented the amount of time readers needed for the uptake of one unit of correct information. Measures were log transformed for later analyses.
Experimental Design
All participants read four passages, each about a different hypertension topic (causes and risk factors, complications, lifestyle changes or pharmaceutical treatment). Two of these passages were typical and two were revised. The presentation order of the topics was counterbalanced across participants. Presentation of passages was also blocked by passage type (typical and revised), with block order counterbalanced across participants.
Procedure
Participants completed the demographic, cognitive, hypertension knowledge and health literacy measures, and then read the passages on a computer. The text was displayed in black Arial 12-point font on a white background (Figure 1) . They read five passages in total: the practice introduction passage, two typical passages and two revised passages. Participants were instructed to read the passages for comprehension and to be able to answer questions about the content. They read one passage at a time and could scroll up and down the screen at their own pace, with a limit of 9 min per passage. All participants finished reading within the 9-min limit. After reading each passage, participants first summarized the main points of the passage, and then answered multiple-choice questions.
Results
Correlates of Reading Efficiency
Guided by the Process-Knowledge model , we examined the relationship among HK, GK, PC, and reading efficiency. As seen in Table 2 , participants with better PC, GK and HK spent less time to uptake one unit of information in terms of the correct segments recalled (r = −.43, r = −.42, r = −.24, all ps < .01) and the question accuracy (r = −.33, r = −.46, r = −.25, all ps < .01). The two reading efficiency measures were also correlated (r = .64, p < .001).
Effects of Passage Revision
We used paired t tests to investigate the affect of passage revision on comprehension performance.
Question Accuracy
Participants better remembered the revised (M = 0.74, SD = 0.14) compared to the typical passages (M = 0.70, SD = 0.11; t(127) = −3.08, p < .01). They also read the revised passages more efficiently (M = 0.50, SD = 0.23) than the typical ones (M = 0.60, SD = 0.25; t(121) = 5.98, p < .001).
Summary Accuracy
First, there was no difference in the total number of segments and the number of related segments recalled for typical and revised passages (Total segments: t(121) = −0.87, p = .39; typical: M = 11.18, SE = 0.62; revised: M = 11.56, SE = 0.68; Related segments: t(121) = −1.62, p = .11; typical: M = 8.04, SE = 0.53; revised: M = 8.73, SE = 0.56). Therefore, we report analyses for raw number of segments recalled rather than percentage of segments recalled (analyses using percentage of segments recalled produced similar results).
We used the number of correct segments recalled per passage as the measure of summary accuracy. Participants' summaries contained more correct ideas from the revised passages (M = 7.34; SE = 0.46) than from the typical passages (M = 6.64; SE = 0.47) (t(121) = −1.95, p = .05). Further, participants needed less time to achieve the same level of summary accuracy for revised passages (M = 0.08; SE = 0.01) than for typical ones (M = 0.11; SE = 0.01) (t(110) = 2.46, p < .05). These results on summary accuracy were consistent with the results on question accuracy.
Who Benefits More From Passage Revision?
Linear mixed effects models were used to analyze the effects of passage type (typical vs revised) as well as individual difference variables (age, PC, GK, HK) on the reading efficiency measure when controlling the random effects 
Question Accuracy
We first examined the fixed effects of passage type, PC, and their interaction on reading efficiency (Model 1 in Table 3 ). There was no interaction, showing that participants better remembered the revised passage regardless of PC level (B = −0.01, SE = 0.01, t = −1.33, p = .18). Similarly, passage type did not interact with GK on reading efficiency (Model 2 in Table 3 ), suggesting that participants better understood the revised passages than the typical ones regardless of GK level (B = 0.001, SE = 0.01, t = 0.21, p = .84). However, a similar analysis revealed a significant interaction of HK and passage type (Model 3 in Table 3 ; B = −0.01, SE = 0.01, t = −2.23, p < .05). Participants with more rather than less HK benefited more from the revised passages. Moreover, this interaction remained significant after the effects of age, PC and GK were controlled (B = −0.01, SE = 0.01, t = −2.23, p < .05; see Model 4 in Table 3 ). We plotted the time needed to uptake one unit of information from the typical and revised passages for participants who had 1 SD below and above the mean HK performance in Figure 2 .
Summary Accuracy
Similarly, as shown in Table 4 
Discussion
The study shows that older adults' memory for hypertension self-care information available on the internet can be improved by a systematic, multi-faceted approach to revising the information, which results in documents that reduce comprehension demands on health-literacy-related cognitive resources. Better memory for self-care information may in turn translate into more effective health-related decisions, behaviors, and outcomes because memory for self-care information has been found to predict health behaviors (Dewalt, Berkman, Sheridan, Lohr, & Pignone, 2004). Of course this link needs to be demonstrated for the present passages in future research. We found that the revised passages enabled older adults with more HK to obtain information more efficiently. According to the Process-Knowledge model , PC and knowledge interact to influence age differences in comprehension because these abilities have different age-related trajectories (declines for PC vs gains for knowledge). Guided by this approach, we revised the passages to reduce comprehension demands on PC (e.g., by simplifying language and more clearly signaling organization), as well as to promote use of prior knowledge in order to understand new information (e.g., by including an advanced organizer and headers). The revised passages may have enabled older adults with more HK to obtain information from these passages more efficiently because they could use structural features such as the concept list to scaffold their use of knowledge to elaborate information into a situation model (also see Gao et al., 2011; Morrow et al., 2012) . However, conclusions about knowledgebased moderation of passage revision effects are tentative because revision benefits for the passage summary were not influenced by knowledge. Nonetheless, it is possible that knowledge influenced revision effects for the question rather than summary measure because the multiple-choice questions provided additional support for knowledge use. At the same time, while HK may exaggerate the benefit of passage revision, even older adults with fewer resources (lower PC and knowledge) benefited from the revised passages, suggesting that passage revision did help older adults varying with abilities better remember and uptake the information.
A notable aspect of our findings is that the revised passages were better remembered than the typical ones, even though the two versions did not differ in average readability scores.
Readability is an important aspect of health documents that can influence patient comprehension (Friedman & Hoffman-Goetz, 2007) and can be a barrier to accessing web-based health information because many web documents exceed recommended readability levels (McInnes & Haglund, 2011) . Nonetheless, our study suggests that increasing document readability is insufficient for improving older patients' comprehension. What is needed is a more comprehensive, theory-based, multi-faceted approach to design that targets features of document content, organization, medium as well as language, which jointly influence comprehension. An important challenge is to develop tools to help evaluate and revise online information at multiple levels, perhaps by building on existing multi-faceted measures such as the Suitability Assessment of Materials (Doak et al., 1995) . An important challenge during the revision process was to determine an effective order for presenting the important ideas related to the passage topic. Some previous work has focused on the organization of procedural health texts such as medication instructions (e.g., Morrow, Leirer, Andrassy, Tanke, & Stine-Morrow, 1996) , but less is known about effective organization for other types of self-care information. In our study, we relied on the guidance of medical experts as well as theories of text organization (e.g., Lorch et al., 2011) . We also relied on these theories to decide how to effectively signal this organization, such as the use of advanced organizers to enhance the integration and retention of important ideas. Computational approaches to analyzing large corpora of web-based patient information may help identify effective structures that support patient comprehension (e.g., Ramesh, Houston, Brandt, Fang, & Yu, 2013) . More generally, we note that this multi-faceted redesign is important for patient communication, and could, for example, apply to other written healthcare materials (e.g., post-visit patient summaries) in order to promote HK, decision-making, and outcomes among diverse patients.
There are some limitations of the study. The use of a multi-faceted approach to revise health information resulted in passages that differed from the typical passages in multiple ways. Therefore, we were unable to pinpoint which aspects of the revision were most important for improving learning. However, we note that multi-component interventions are often used to improve self-care behaviors and health outcomes, and high-intensity, multimodal interventions are more likely than less complex interventions to influence behaviors and improve outcomes (Roter et al., 1998; Sheridan et al., 2011) . Nonetheless, identifying which facets of document redesign have the greatest affect on patient comprehension may improve the efficiency of interventions by focusing design efforts on the most critical characteristics. Also, the passages were not evaluated within a website context, so that our estimates of passage redesign benefits did not factor in issues such as website usability. We also note that, like other complex interventions, our multi-faceted approach to revising online documents may require more resources than approaches to writing typical online health documents. Another limitation was that the majority of the older adults in our sample had adequate health literacy, with a smaller proportion showing marginal and inadequate health literacy compared to our previous studies (Levinthal et al., 2008; Morrow et al., 2006) . However, we note that similar patterns of association between health literacy and cognitive ability measures were found in the present study and in these previous studies. This finding bolsters confidence that the results relating cognitive ability and passage revision benefits in the current study would generalize beyond our sample of participants.
Despite these limitations, our study did find that a multi-faceted approach to redesigning health information guided by theories of text comprehension and document design improves older adults' memory for self-care information typically found on credible websites. This approach could be broadly adopted by health information websites. In future research we hope to extend the approach to promote patient comprehension in other health contexts, such as personal health records (such as lab reports, treatment records and medication information) that can be accessed through patient portals to electronic health records systems, so that older adults can take a more active role in managing their illness and maintaining their health.
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